Phase competition in correlated oxides offers tantalizing opportunities as many intriguing physical phenomena occur near the phase transitions. Owing to a sharp metal-insulator transition (MIT) near room temperature, correlated vanadium dioxide (VO2) exhibits a strong competition between insulating and metallic phases that is important for practical applications. However, the phase boundary undergoes strong modification when strain is involved, yielding complex phase transitions. Here, we report the emergence of the nanoscale M2 phase domains in VO2 epitaxial films under anisotropic strain relaxation. The phase states of the films are imaged by multi-lengthscale probes, detecting the structural and electrical properties in individual local domains.
In strongly correlated materials, metastability and phase competition play an important role in determining the phase transition pathway. [1] [2] [3] [4] [5] The metal-insulator transition (MIT) in strongly correlated vanadium dioxide (VO2) is believed to be triggered by the collaborative Mottcorrelation and Peierls-distortion mechanisms, which is still under debate due to the observation of metastable insulating phases across the MIT. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] While tremendous efforts have been devoted to understanding the origin of the phase transition and related electronic behavior, identifying intermediate phases of distinct electronic and structural compositions across the MIT has also been one of the main subjects in VO2 research. 13, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Bulk VO2 is known to undergo a phase transition from an insulating monoclinic (M1) phase to a metallic rutile (R) phase close to room temperature (TC ~340 K in bulk). 6, 7 Recently, strain control has enabled the observation of a more complex phase transition, 11, 15, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] where another insulating monoclinic (M2) phase can be found as an intermediate transitional phase between the M1 and the R phases. 19, 22, 23, 28, 42, 43 Tensile strain is found to induce a M1→M2→R transition pathway, whereas compressive strain shows a M1→R transition depending on the degree and sign of the applied strain field. 22, 28, 44, 45 The M2 phase is believed to have comparable free energy to M1 in bulk VO2, which can be stabilized by modulating strain. 22 This is important since stabilizing the M2 phase may find use in Mottronics and novel electronic transport applications. 46, 47 The metastability of the M2 phase also highlights its importance as a Mott insulator, which could potentially settle the debate about the coupled nature of Peierls and Mott-Hubbard mechanisms responsible for the MIT in VO2. 48, 49 Combined local imaging of structural and electronic properties of the M2 phase across the transition are lacking. This is part of the reason why it is so difficult to understand the underlying mechanism that drives this step in the nanoscale phase transition process in VO2.
Here, we investigate the local structural and electronic properties of differently strained VO2 epitaxial films to identify such intriguing phases. Using multimodal imaging techniques, including large area probes averaging over multiple phase domains of different character, we directly image the coexistence of distinct metallic and insulating nanoscale phase domains across the MIT. We observe that the M2 phase emerges in forms of nanophase domains at the onset of strain relaxation, which is attributed to the complex localized stress distribution in the film.
Understanding the origin of these mesoscopic structural and electronic inhomogeneities would greatly benefit the nanoscale engineering of correlated phases in VO2 films.
VO2 epitaxial films were deposited using pulsed laser epitaxy. A bulk ceramic VO2 target of M1 phase was ablated by a KrF excimer laser (248 nm in wavelength) at a laser fluence of 1.2 Jcm −2 and at a laser repetition rate of 5 Hz. The growth temperature and oxygen partial pressure were optimized to 300 °C and 12 mTorr, respectively. To avoid oxygen deficiencies, the samples were cooled to room temperature right after deposition at higher oxygen pressure of 100 Torr.
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X-ray measurements were performed by a four-circle high-resolution X-ray diffractometer (X'Pert Pro, Panalytical) using the Cu-Kα1 radiation. A standard four-point probe method was used to perform the electrical transport measurements of VO2 films in a temperature range varied from Nanoscale scanning probe X-ray-diffraction measurements were performed at the Hard Xray Nanoprobe (HXN) beamline operated by the Center for Nanoscale Materials in partnership with the Advanced Photon Source at Argonne National Laboratory. The HXN beamline uses
Fresnel zone plate optics with 20 nm outermost zone width to provide an X-ray beam spot with a 20 nm FWHM lateral resolution and a position stability of 2-5 nm relative to the sample area. 51, 52 The scanning probe diffraction microscopy measurements were carried out at an X-ray energy of 9 keV in reflection geometry with the outgoing diffraction patterns collected by a MediPix3 Pixel
Array Detector with 516x516 µm 2 pixels positioned 800 mm from the sample. X-ray diffraction Microscopy (XDM) was performed with the XRIM instrument at sector 33-ID of the Advanced Photon Source at Argonne National Laboratory. The imaging was carried at an X-ray energy of 10 keV in a Bragg diffraction geometry, using an illumination of ~ 12x12 µm 2 achieved with a pair of dynamically bent Kirkpatrick-Baez mirrors. A phase Fresnel Zone plate (100 µm diameter, 60 nm outermost zone width) was used as objective lens, leading to an effective pixel size at the sample location of 15 nm. Micro-Raman measurements were performed using a Renishaw 1000
confocal Raman microscope. A temperature control microscopy state (Linkam Scientific) stage was used for temperature dependent Raman studies. The 532 nm diode-pumped solid-state laser (Cobolt) with a laser power 10 mW was used to excitation. Raman spectra were collected in back scattering geometry using 100× objective (NA= 0.75). Raman spectrometer was equipped with 1800 lines/mm grating which was centered at 500 cm -1 . For Raman mapping, we collected 4118 spectra (10s integration time, and using 500 nm step size) on a 25×22 µm 2 region of the sample.
Epitaxial VO2 films with thicknesses of 12, 28, and 48 nm were grown on (001) TiO2 and Nb-doped TiO2 (Nb:TiO2) single crystal substrates using pulsed laser epitaxy. X-ray diffraction is used to confirm film thicknesses and crystalline quality [ Fig. 1(a) ]. X-ray reciprocal space maps In this film thickness range, the MIT temperature (TMIT) was observed to span the range of 296-328 (±5) K with a hysteresis value of 8-14 (±2) K. The higher resistivity was observed for the thicker films compared to the coherently strained 12 nm VO2 film, which is consistent with previous reports. 35, 36 Interestingly, for the thicker films, multiple steps were observed in resistivity vs temperature curves [ Fig. 1(b) ] due to the coexistence of M1 and M2 phases and their transition to rutile-R phase across the MIT. These trends on the transport properties were previously believed to be due to the emergence of either an intermediate insulating phase or anisotropic strain relaxation. 10, 29, 30, 53 The origin of multistep MIT behavior in thicker films is also speculated to be due to the formation of microcracks 36 , as strain relaxes in tensile strained VO2 films (see the supplementary material for more details). The unusual strain relaxation can significantly affect the crystal lattice symmetry and electronic states. The resulting changes in the displacement (tilting) and pairing of vanadium atoms can then act to stabilize different VO2 phases [ Fig. 2(a) ]. 13, 15, 19, 22 To gain insight into the local electronic properties, we employed temperature dependent conducting atomic force microscopy (c-AFM) to study the nanoscale phase evolution in VO2 films with strain. These results indicate that the formation of domains of different electronic states most likely originates from the strain relaxation-induced structural and electronic phase inhomogeneities in VO2 films. Direct confirmation of this distinct structural phase transition pathway is challenging due to small feature size.
To study the local structure of these domains, we performed synchrotron-based nanoscale XRD and scanning probe diffraction microscopy measurements on 48 nm sample. 54 The measurements were carried out using the source-detector-sample configuration shown in Fig. 3(a) ,
where the incident X-rays were focused by a Fresnel-zone-plate to a 20 nm FWHM focused spot and the scattered X-rays were collected by a 2D pixel array detector. 55 The inset of Fig. 3(a) shows an AFM topography image of the sample across the area of detection. The room temperature XRD pattern is shown in Fig. 3(b) . The Bragg peak at 2θ = 29.2° originates from the 002 reflection of the M1 phase, while the Bragg peak centered at 2θ = 28.90° corresponds to the monoclinic M2 phase. To spatially map the distribution of M1 and M2 phases in the film, nanoscale scanning probe diffraction microscopy measurements were conducted while setting the detector at a specific scattering angle, 2θ, corresponding to each peak, and recording the intensity as a function of position at room temperature. Temperature-dependent nanoscale XRD results further demonstrate that there is almost no X-ray intensity corresponding to the cracks and that the M1/M2 phase domains convert to R phase at higher temperatures above the MIT (see the supplementary material). The nanoscale XRD results strongly agree with the c-AFM findings that the M2 phase together with the M1 phase can be revealed at room temperature in strain-relaxed VO2 film.
To obtain further proof that the two observed VO2 regions are distinct crystallographic phases, we carried out additional measurements using synchrotron full-field X-ray Diffraction Microscopy (XDM). 56 Like scanning probe diffraction microscopy ( Fig. 3) , the imaging contrast in large area XDM-probe is entirely dependent on Bragg diffraction. 57 XDM images were acquired using the 1 ̅ 12 and 002 film reflections (referenced against the rutile TiO2) with orthogonal HK Miller indices (Fig. 4) . Peak splitting in both the HHL and 00L reflections is a characteristic Raman probe is extensively used to identify the different structural polymorphs of VO2 at the microscale in pure and doped bulk single crystals of VO2. 20, 21, 45, 58 We employ micro-Raman spectroscopy and mapping measurements to understand the phase transition and evolution of the M2 phase with temperature. Figure 5( Fig. 1(b) . The formation and temperature dependent evolution of insulating (M2) phase nanodomains (marked by white dashed lines) can be observed in strain relaxed 28 and 48 nm thick films, whereas in fully strained 12 nm film the local electronic phase transition is continuous with nearly homogenous single insulating/metallic domain. Scale bar is 600 nm. 
